Abstract
INTRODUCTION
One of the most consistent patterns in ecology and biogeography is that species richness generally peaks where climates are warm and wet and declines as climates become colder and drier. Geographically, species richness is generally lower in polar regions than in tropical regions (i.e. the latitudinal diversity gradient), and is lower on mountaintops than at lower elevations (i.e. the altitudinal diversity gradient). These trends of declining species richness toward harsher climatic conditions have been observed for many groups of organisms (Rosenzweig 1995) . Although the gradient of declining species richness with increasing environmental harshness in general and latitude in particular has been known for over two centuries (Humboldt and Bonpland 1807) , the mechanisms underlying the gradient remain poorly understood (Mittelbach et al. 2007) . Explaining the broad-scale patterns of species richness requires the understanding of how climatic variation relates to the ecological processes that drive biological communities (e.g. physiological tolerance) in an evolutionary context (Mittelbach et al. 2007; Ricklefs 2006; Ricklefs and Schluter 1993; Wiens and Donoghue 2004) .
The original explanation of why temperate regions support fewer species than tropical regions was founded on the presumed difficulties of tolerating low temperatures (Humboldt 1808) . Climate-based explanations have been generalized as the tropical conservatism hypothesis (TCH), also called the tropical niche conservatism hypothesis, which has been considered a leading explanation for why species richness decreases along a gradient from warm and wet regions to colder and drier regions, particularly along latitudinal gradients from the equator to the poles (Wiens and Donoghue 2004 ). The TCH assumes (i) that most clades evolved in the tropics when tropical environments extended into high latitudes, (ii) that they colonized temperate regions more recently and dispersal into temperate regions has been limited because adaptation to colder temperatures appears to be difficult and rare and (iii) that the deeper history of clades adapted to tropical environments has allowed these clades more time for speciation to occur (Wiens and Donoghue 2004) . At its core, the TCH predicts that clades in tropical regions began to diversify relatively early and thus are older whereas clades in temperate regions are younger Löwenberg-Neto et al. 2011; Wiens and Donoghue 2004) . The prediction of the TCH for a positive relationship between clade age and temperature has gained support from some empirical studies for latitudinal gradients (e.g. Hawkins et al. 2011 Hawkins et al. , 2014 Qian et al. 2013; Treseder et al. 2014 ; but see Segovia et al. 2013) . However, Qian (2014) showed a negative relationship between clade age and temperature along an altitudinal gradient in tropical South America. To my knowledge, Qian (2014) is the only study investigating the relationship between clade age and temperature along an altitudinal gradient in a tropical region. The negative relationship found in Qian (2014) for the altitudinal gradient of tropical South America might have resulted from the effect of 'Gandwanan legacy' to some degree, as discussed in Qian (2014) and Segovia and Armesto (2015) . For the TCH to be accepted as a general explanation for the trend of declining species richness with decreasing temperature, its core predictions, including the positive relationship between clade age and temperature, should apply to both latitudinal and altitudinal gradients when water availability is accounted for. The contrasting relationship between clade age and temperature for latitudinal versus altitudinal gradients observed in Qian (2014) suggests that there is a need for more empirical tests on the clade age component of the TCH along altitudinal gradients in different regions. To avoid or minimize the possible effect of Gondwanan legacy, altitudinal gradients in regions that belonged to Laurasia, rather than Gondwana, are ideal to be used in the test.
In this article, I test if the family age of angiosperm trees in forest communities is positively related to temperature along an altitudinal gradient (covering a range of 2430 m in elevation) in Malesia. A negative relationship between family age and temperature would be considered contrary to the prediction of the TCH.
Angiosperms (i.e. flowering plants) are monophyletic and are considered as one of the greatest terrestrial radiations in recent geological times. Fossil data suggest that the presence of angiosperms was no later than the middle Early Cretaceous (Friis et al. 2010; Sun et al. 2002) . Although the exact date of their appearance is still debated, the combination of fossil and molecular data suggests that the crown group of extant angiosperms originated 179-158 million years ago (Ma) (Wikström et al. 2001) , and the major clades of angiosperms originated 130-90 Ma (Crane et al. 1995; Labandeira et al. 1994) , which was followed by a dramatic rise of angiosperms to ecological dominance 100-70 Ma (Barrett and Willis 2001) . The planet was warm 145-135 Ma and was warmest 135-48 Ma over the last 750 million years, which was followed by the periods of global cooling (48-38 Ma), glaciation (38-14 Ma) and full glaciation (14-0 Ma) (Romdal et al. 2013) . Thus, angiosperms have a tropical origin (Crane et al. 1995; Takhtajan 1969) . Many extant angiosperm families originated during or after the period of the global cooling (Davies et al. 2004) . The environmental stimulus for climatic niche evolution of angiosperm trees is presumed to be the shift of tropical climates to temperate climates at higher latitudes. Extensive temperate forests have existed since no later than the Eocene (Fine and Ree 2006) . Therefore, angiosperm trees are ideal for testing the age-related component of the TCH.
MATERIALS AND METHODS
The altitudinal gradient included 15 old-growth forest plots, which include 11 of the 12 forest communities used in Culmsee and Leuschner (2013) [One community used in Culmsee and Leuschner (2013) was excluded from the present study because data for that community is unpublished and is not available to me]. These forest plots were sampled in four regions in Malesia [see Figure 1 in Culmsee and Leuschner (2013) for location of the four regions]. This altitudinal gradient ranged from 650 to 3080 m above sea level, and covered a range of 12.5°C in mean annual temperature (from the plot at the lowest elevation to the plot at the highest elevation). The forest plot at the highest elevation in this data set was close to the alpine timberline (Culmsee and Leuschner 2013) . Forest sampling size ranged from 0.635 to 1.44 ha. All tree individuals with dbh ≥10 cm in each plot were identified to species or morphospecies. Data of tree species composition in each community were taken from the literature (Aiba et al. 2002; Culmsee and Pitopang 2009; Culmsee et al. 2011; Hamann et al. 1999; Yamada 1975) . Botanical nomenclature followed The Plant List (version 1.1, http://www.theplantlist.org/). All species in this data set are native.
I followed previous studies (e.g. Hawkins et al. 2014; Qian et al. 2013) to use the mean family age of species in an assemblage to represent the mean clade age for the assemblage. Latham and Ricklefs (1993) justify that families are appropriate clades to test the TCH. Family names were standardized according to Davies et al. (2004) and family ages were obtained from Davies et al. (available from https://github. com/camwebb/tree-of-trees/blob/master/megatrees_other/ davies2004.ages). For each species in each forest plot, I assigned it the age of the family to which the species belongs, and calculated mean family age as the sum of family ages of all species in the forest plot divided by the number of species in the forest plot Qian et al. 2013) .
Both mean annual temperature and minimum temperature of the coldest month have been used as a temperature variable in testing the TCH. Because these two temperature variables are very strongly correlated in the data set (r = 0.984 for the Malesian data set) and because the former is more commonly used in ecological studies (e.g. Moles et al. 2014; Whittaker 1975) , including those testing the relationship between clade age and temperature (e.g., Treseder et al. 2014) , I related mean family age to mean annual temperature (hereafter, temperature). To account for the effect of water availability, I also examined the relationship of mean annual precipitation with species richness and mean family age. Climate data for the forest plots were obtained from the WorldClim database (version 1.4, available at www.worldclim.org) based on the latitude, longitude and elevation of each forest plot. The WorldClim database includes global climate data at a spatial resolution of 30 arc seconds (1 km at the equator; Hijmans et al. 2005) . I used two approaches to account for differences in sampling area among forest plots along the altitudinal gradient. With one approach, I included plot area as a covariate in regression analyses; with the other approach, I first regressed mean family age on plot area and then regressed residual mean family age resulting from the regression on interested explanatory variables.
I followed Wilkinson et al. (1992) in determining outliers (cases with absolute values of studentized residuals being greater than 2 in a linear regression are considered as outliers). I used regression analysis to determine the relationships between dependent variables (species richness and mean family age in this study) and explanatory variables. Because the forest plots may spatially autocorrelated, because there are, to my knowledge, no existing approaches to account for spatial autocorrelation for sampling plots distributed in a threedimensional space (i.e., latitude, longitude and altitude) and because the forest plots varied greatly in latitude, longitude and elevation (with elevation being a major axis), I followed Vetaas et al. (2014) in accounting for autocorrelation in a species-ordination space. I used detrended correspondence analysis (DCA) to derive scores of a species-ordination space based on species composition in each plot, and used the first two axes of a DCA as spatial coordinates, as in Vetaas et al. (2014) . I used Moran's I to assess spatial autocorrelation among forest plots and used spatial autoregression with the moving average approach to account for autocorrelation. I determined if a relationship is consistent with the prediction of the TCH by its sign (i.e. positive vs. negative; a negative relationship between clade age and temperature would be considered inconsistent with the THC). I used SYSTAT (Wilkinson et al. 1992) to detect outliers, used Spatial Analysis in Macroecology software (SAM, v 4.1; Rangel et al. 2010) to calculate values of Moran's I and to conduct correlation analysis, regression analysis and spatial autoregression analysis, and used PC-ORD (McCune and Mefford 1999) to conduct DCA.
RESULTS
Temperature decreased strongly with elevation (r = −0.988). Angiosperm tree species richness was strongly and negatively correlated with elevation (r = −0.846; Fig. 1 ), and was strongly and positively correlated with temperature (r = 0.838; Fig. 1 ). Mean family age was positively correlated with elevation (r = 0.567; Fig. 1 ) and negatively correlated with temperature (r = −0.558; Fig. 1 ). Precipitation was correlated with neither elevation nor species richness nor mean family age (P > 0.250 in all cases). Accordingly, I excluded precipitation from further analyses.
Simple linear regression analyses, in which mean family age was the dependent variable and temperature or elevation was the explanatory variable, showed that two cases (with mean family age < 70 million years; Fig. 1 ) in the data set were outliers (studentized residual < −3.0). These two cases were excluded from further analyses. With the two outliers removed, the relationship of mean family age with elevation or temperature was substantially improved (r = 0.888 and −0.854, respectively).
Mean family age was strongly correlated with sampling area (r = −0.855) and was moderately autocorrelated (Moran's I = 0.655 at the shortest distance) in species-ordination space. When sampling area and autocorrelation were taken into account in spatial autoregression with the moving average approach, mean family age remained to significantly increase with increasing elevation and to significantly increase with decreasing temperature (Models C through F; Table 1 ). Sampling area did not have a significant effect on mean family age in the spatial autoregressions (Models C and D; Table 1 ). Residuals of autoregressions with sampling area included as a covariate (Models C and D; Table 1) were not spatially autocorrelated (Moran's I = −0.072 for the elevation model and −0.067 for the temperature model at the shortest distance). Results from all analyses are consistent, i.e. mean family age significantly increased with increasing elevation and with decreasing temperature.
DISCUSSION
My study showed that along the altitudinal gradient in Malesia, mean family age of angiosperm trees in forest communities increases with increasing elevation and decreasing temperature. These relationships remain significant after accounting for spatial autocorrelation in a species-ordination space. These patterns are clearly contrary to the prediction of the TCH for the relationship between mean family age and temperature. In addition, the negative relationship between species richness and mean family age in forest communities along the altitudinal gradient found in the present study is also contrary to the TCH, which predicts a positive relationship between the two (Wiens and Donoghue 2004) .
The finding of the negative relationship between clade age and temperature along the altitudinal gradient observed in this study is consistent with that of Qian (2014) for woody angiosperms along an altitudinal gradient in South America. The altitudinal gradients in both the present study and Qian (2014) were located at the equator where climates at low elevations are warm and wet (Hijmans et al. 2005) . Thus, these two altitudinal gradients are both ideal for testing the TCH because they include warm and wet tropical forests (i.e. ancestral environments of angiosperms) at low elevations. For both altitudinal gradients, the forest communities at the lowest elevations were located at or below 650 m above sea level and the forest communities at the highest elevations were close to alpine treelines (Culmsee and Leuschner 2013; Hughes and Eastwood 2006) , above which trees are not capable of growing. This suggests that the two altitudinal gradients have well covered both high-and low-temperature ends of an entire altitudinal gradient for forest communities in tropical regions of Asia and South America. Thus, the altitudinal gradients are sufficiently long for investigating the relationship between clade age and temperature for tree species.
The TCH was originally formulated to explain community assembly and species diversity patterns across latitudes (Wiens and Donoghue 2004) . However, latitude per se has little biological meaning. Statistical associations between species diversity and latitude are not directly causal, but are derived from covaried environmental variables (Hawkins and Diniz-Filho 2004) , primarily temperature (Qian et al. 2012) . Temperature fluctuated greatly during multiple glacialinterglacial cycles in the Pleistocene (Delcourt and Delcourt 1993) ; in response to temperature fluctuation, species moved back and forth along latitudinal gradients and up and down along altitudinal gradients, which would have led to intermingling of species not only between montane and lowland biotas across elevations but also between biotas of altitudinal and latitudinal gradients. Thus, today's biological assemblages under different climatic conditions along both latitudinal and altitudinal gradients primarily result from the process of habitat filtering. Similarities in patterns of species diversity and composition between latitudinal and altitudinal gradients have been known for over 230 years since the patterns were initially documented by Carolus Linnaeus (Linnaeus 1781) . Because the primary mechanism of the TCH that drives the assembly of biological communities is habitat filtering (e.g. tolerance to cold temperature) (Wiens and Donoghue 2004) and because assembly of biological communities under different climatic conditions primarily resulted from habitat filtering (Pontarp et al. 2012) , the TCH is expected to be able to explain patterns of species diversity and composition not only for latitudinal gradients but also for altitudinal gradients. The congruent patterns of the negative relationship between clade age and temperature along altitudinal gradients observed in tropical regions of Asia and South America suggest beg for a general explanation. An altitudinal gradient may differ substantially from a latitudinal gradient in some aspects (Rahbek 1995) , but many temperature-related variables (such as growing degree days, mean annual temperature, length of the growing season and minimum temperature of the coldest month) change in a similar way along both altitudinal and latitudinal gradients, and primary factors driving altitudinal diversity gradients are thought to be the same as those driving latitudinal diversity gradients. For example, temperature is commonly considered as a primary driver of species richness patterns along both latitudinal (Mittelbach et al. 2007 ) and altitudinal gradients (Sanders et al. 2007 ). An altitudinal gradient may have advantage over a latitudinal gradient for testing some temperature-related macroecological hypotheses partly because the geographical distance of the same length of the temperature gradient is much shorter along an altitudinal gradient than along a latitudinal gradient, and thus an altitudinal temperature gradient is much steeper than a latitudinal temperature gradient for a given geographical distance. A steeper environmental gradient is more appropriate for testing a macroecological pattern driven by habitat filtering because the steeper the environmental gradient, the more that habitat filtering will sort species based on their niche requirements (Willis et al. 2010) and because a steeper environmental gradient could avoid or reduce lags of species migration or community shifts for suitable habitats during climate change (Bertrand et al. 2011 ). In addition, many potential underlying causes that strongly covary along latitudinal gradients do not covary strongly along elevational gradients (Körner 2007) . For example, both temperature (measured as mean annual temperature or minimum temperature) and temperature seasonality (usually measured as the difference between the warmest month and coldest month temperatures; Badgley and Fox 2000) are strongly correlated with species richness along latitudinal gradients and thus have been considered as drivers of species richness patterns in many studies. Because these two types of temperature measures are strongly correlated along latitudinal gradients [e.g. r = −0.990 between mean annual temperature (i.e. BIO1 in the WorldClim database) and temperature seasonality (i.e. BIO7 in the WorldClim database) for the latitudinal gradient in ], their independent effects on species richness cannot be differentiated. However, Table 1 : results of autoregressive models with moving average approach and mean family age as the dependent variable in both elevation (A, C and E) and MAT (B, D and F) models for forest plots along the altitudinal gradient in Malesia (alpha = 1.0 and spatial autoregressive parameter rho = 0.98 in all cases) In models E and F, the dependent variable was residual mean family age resulting from the regression of mean family age on sampling area. P-values reflect statistical significance after accounting for autocorrelation in species-ordination space (DCA axes 1 and 2; eigenvalue = 0.931 and 0.712, respectively). OLS = ordinary least square regression; MA = moving average; Coeff. = coefficient; Std, standard; MAT = mean annual temperature.
because temperature decreases with increasing elevation as it does with increasing latitude and because temperature seasonality varies little among elevations and is not significantly correlated with mean annual temperature along altitudinal gradients in tropical regions (e.g., r = −0.176, P = 0.530 for the altitudinal gradient in this study), altitudinal gradients in tropical regions would be ideal for testing temperature-based ecological patterns. In this study, the lowest temperature of the forest samples, which was 5.4°C in the coldest month, does not reach freezing conditions. However, the evolution of cold tolerance in angiosperms is a progressive process, and the original idea on which the TCH is based was proposed to explain continuous evolution of cold tolerance (Latham and Ricklefs 1993; Ricklefs and Schluter, 1993) , although Wiens and Donoghue (2004) formulated the TCH to predict differences in the relative ages and diversities of clades in tropical versus temperate regions and major breaks in the geographical distribution of clades corresponding to particular shifts in climate (e.g. freezing temperatures) and threshold-like changes in evolution. If the evolution of cold tolerance has taken a threshold-like fashion, one would expect to find step-like patterns in ages and diversities of clades along temperature gradients (i.e. breaks or sharp changes in diversities and ages at some critical temperature points such as the boundary between tropical and temperate zones or between freezing and non-freezing zones). However, numerous studies have examined the relationship between species richness or clade age and latitude or temperature at a global extent (e.g. Davies et al. 2007; Hawkins et al. 2011) , and no studies have shown a clear steplike break at or around freezing temperature. In contrast, all previous studies have shown gradual changes in species richness and clade age along temperature gradients, which suggests that the evolution of tolerance to cold temperature is a continuous process. Even within tropical regions, there often exist temperature gradients, which would result in gradients of species richness and clade age. For example, along a latitudinal gradient in tropical South America, temperature and species richness and mean family age of angiosperm woody plants all decrease significantly with increasing latitude (Qian 2014) . It is well known that many fruit, vegetable and ornamental crops of tropical origin experience physiological damage when subjected to temperatures below about +12.5°C, even though well above freezing temperatures (Lyons 1973 ). Thus, tolerance to different degrees of chilling temperature, which is above freezing temperature, can also result in macroecologiacl patterns such as gradients in species richness and mean family ages as observed in Qian (2014) and the present study.
The TCH was formulated based on the assumption that ancestral clades originated under warm and wet tropical climates (Wiens and Donoghue 2004) . In other words, both temperature and water availability are key to the TCH. If water availability is a more important driver than temperature and if water availability is negatively correlated with temperature along a gradient, a negative relationship between temperature and species richness or clade age may arise. Previous studies (e.g. Vetaas and Grytnes 2002) have shown that species richness is negatively related with temperature along some altitudinal gradients up to certain elevations, beyond which the former is positively correlated with the latter, resulting in hamper-shaped relationships between species richness and temperature. In most of such cases, the rise of the hamper-shaped relationship between species richness and temperature is primarily because precipitation peaks near the middle elevation of an altitudinal gradient (e.g., McCain 2004). However, for both the Malesian altitudinal gradient (this study) and the South American altitudinal gradient (Qian 2014) , precipitation is not positively correlated with elevation, species richness is negatively correlated with elevation, and the relationships of species richness and mean family age with temperature are much stronger than those with precipitation (precipitation is not correlated with species richness and mean family age for the altitudinal gradient in this study). In both studies, when precipitation is accounted for, the relationship between mean family age and temperature remained negative for the two altitudinal gradients. Thus, it is unlikely that water availability is responsible for the negative relationships between clade age and elevation observed in this study and Qian (2014) .
At the core of the TCH is also the prediction that angiosperm species in colder regions should be more phylogenetically related to each other (i.e. greater phylogenetic clustering) than those in warmer regions because angiosperms originated in tropical climates (Lidgard and Crane 1988) , ecological traits (e.g. cold tolerance) are phylogenetically conserved (Donoghue 2008) , and niche conservatism should lead to fewer tropical plant lineages being able to persist in harsher (e.g. colder) climates (Ricklefs 2006 ) and the species that have managed to adapt the harsher climates should form sets of phylogenetically closely related species (Donoghue 2008) . In particular, the TCH predicts that the degree of phylogenetic clustering should increase with decreasing temperature. This prediction has been supported with empirical data for regional and local assemblages along latitudinal gradients for woody species (e.g., Asia, H. Australia, Kooyman et al. 2011; North America, Qian et al. 2013; South America, Giehl and Jarenkow 2012) and for other taxa (e.g. hylid frogs in the New World, Algar et al. 2009 ; dung beetles in Europe, Hortal et al. 2011) . To my knowledge, there are only two studies (i.e. Culmsee and Leuschner 2013; González-Caro et al. 2014) testing for this prediction of the TCH using empirical plant data from altitudinal gradients in tropical regions, and the results of the two studies are consistent to each other but are contrary to the prediction of the TCH. Culmsee and Leuschner (2013) analyzed 12 forest communities along an altitudinal gradient in Malesia, which is the same altitudinal gradient as in the present study, and they found that tree species in forest communities at higher elevations (and thus with lower temperatures) are less closely related. Similarly, González-Caro et al.
(2014) analyzed a set of 145 forest communities distributed from 200 to 3300 m in elevation in tropical South America and found that tree species in forest communities with lower temperatures are less closely related. Taken together, Culmsee and Leuschner (2013) , González-Caro et al. (2014) , and the present study have tested two key predictions of the TCH with tree assemblages along altitudinal gradients in tropical regions and the results of these studies are consistently contrary to the predictions of the TCH.
In conclusion, I found that the relationship between clade age and temperature for an altitudinal gradient in tropical Asia is contrary to the TCH. This finding is in agreement with that of a previous study for South American forest communities (Qian 2014) . Considering that the predictions of the relationships of temperature with clade age and phylogenetic relatedness are at the core of the TCH and that the available empirical tests for the predictions using assemblages along altitudinal gradients in tropical regions are consistently contrary to the TCH, the negative relationships between clade age and temperature and the positive relationship between phylogenetic relatedness and temperature along altitudinal gradients in tropical regions critically challenge the generality of the TCH as an explanation for the positive relationship between species richness and temperature. It is possible that mechanisms proposed by the TCH are at work also for altitudinal gradients in tropical regions but some other mechanisms have acted more strongly than the mechanisms proposed by the TCH along altitudinal gradients and accordingly have reversed some macroecological patterns along altitudinal gradients. If this is the case, these mechanisms need to be identified. The present work, I hope, will inspire examination of the mechanisms that might underlie the negative relationship between clade age and temperature along altitudinal gradients in tropical regions.
